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ABSTRACT: The chemistry of pyruvic acid is of great interest due to its essential 
role in metabolism for all life and its role in atmospheric chemistry. Pyruvic acid 
under a wide range of conditions, including normal storage conditions, will spon-
taneously dimerize to form zymonic acid. We isolated zymonic acid and, using a 
variety of 1D and 2D NMR techniques, identified it as a single structure as a solid or 
dissolved in DMSO. When in aqueous solution, however, we identified a mixture of 
five diﬀ erent tautomers and hydrates in equilibrium with each other with no single 
dominant form. The kinetics of this conversion were studied in situ via NMR. The 
reactivity of the tautomers and hydrates in aqueous solution is investigated and 
discussed in terms of aqueous reaction mechanisms. There is strong evidence for a 
direct, reversible conversion from an enol to a geminal diol without passing through a 
ketone intermediate, which implies the reversible addition of water across a double 
bond under ambient conditions. Additionally, there is evidence for a base catalyzed 
lactone ring formation, which is in essence a 
 
base catalyzed esterification reaction. The equilibrium between pyruvic acid and its oligomers in aqueous solution is of 
con-sequence in the natural environment. 
 
 ■ INTRODUCTION 
 
Pyruvic acid is a ubiquitous molecule in biology, where it takes an 
essential place at the core of metabolism for all life. It intersects 
anabolic and catabolic pathways that occur both aerobically and 
anaerobically, earning it a special place as a metabolite in both 
modern1 and ancient life.2,3 Additionally, it is an important 
molecule in the environment, particularly in the Earth’s atmo-
sphere,4−13 and has even been found in carbonaceous 
meteorites.14 In the atmosphere, formation of pyruvic acid 
oligomers or other high molecular weight compounds can be 
important for aerosol formation and processing.15 −17 The 
reactivity of pyruvic acid is important in these systems, and many 
studies have been carried out in an attempt to characterize reactive 
pathways involving pyruvic acid.18−35 In many recent studies, 
however, the spon-taneous dimerization of pyruvic acid is 
overlooked. It results in the formation of parapyruvic acid (Ȗ-
methyl-Ȗ-hydroxy-α-ketoglutarate) along with its lactone, 
zymonic acid (α-keto-Ȗ-valerolactone-Ȗ-carboxylic acid). This 
“decomposition” was observed along with the first isolations of 
pyruvic acid by Berzelius in 183536,37 according to Wolﬀ  who, 
building on pre-vious work,38−41 produced the first correct 
structures and reasonable formation mechanisms around 1900.42− 
44
 Further investigations analyze the mechanism of formation as 
well as the structure of larger pyruvic acid polymers.45−48 
 
Later studies are split between work examining metal 
catalysis49−52 and biological processes.53−74 Zymonic acid was 
 
 
 
identified as a metabolite in yeast,53 only to be shown to be a 
contaminant from pyruvic acid used, and an incorrect structure 
was first reported.54,55 A number of other papers have discussed 
the detection or role of parapyruvic and zymonic acid in various 
biological contexts, including detection from living tissues and 
interactions with enzymes.56−74 Interestingly, parapyruvic acid 
has been observed in meteorites alongside pyruvic acid14 and 
discussed in the context of the origin of life.75 There are several 
papers discussing the spontaneous formation of zymonic and 
parapyruvic acids from pyruvic acid under diﬀ erent conditions, 
which suggest that these molecules exist as contaminants in other 
experiments.55,76 −79 Because these dimerization products∥ are 
formed relatively easily, it is somewhat unclear whether previous 
detections of zymonic and parapyruvic acids are artifacts of the 
analytical techniques that were used. 
 
The interconversion between the diﬀ erent forms of zymonic, 
parapyruvic, and pyruvic acids is especially interesting in aqueous 
solution and must be elucidated to achieve a full understanding of 
the aqueous phase chemistry of pyruvic acid. In this work, 
structural identification of diﬀ erent tautomers and hydrates of 
zymonic acid was performed using several diﬀ erent NMR 
techniques. At equilibrium under low pH conditions, we detect 
 
 
 
 
 
  
and assign five diﬀ erent forms of pyruvic acid dimers in solution 
and investigate the mechanisms of their interconversion. Our 
higher resolution NMR work across a broader pH range allows for 
the diﬀ erentiation of quickly exchanging species that were 
assigned to single components in most previous works.49−79 We 
report identification and characterization of the pyruvic acid 
chemical dimerization products followed by a study of the 
kinetics of interconversion. Finally, potential mechanisms are 
discussed for the novel interconversions that are observed. ■ RESULTS AND DISCUSSION 
 
Purification and Identification. Pyruvic acid is the simplest α-
keto acid and, like most ketones, can convert between the ketone, 
enol, and geminal diol forms in aqueous solution.49,80 For pyruvic 
acid, the ketone and geminal diol forms are thermodynamically 
favored in water and constitute the bulk of pyruvic acid with the 
ratio between them depending on solution conditions (pH, 
concentration, salt, and temperature). Likewise, parapyruvic acid 
is a keto acid and exists dominantly as either a ketone or geminal 
diol. Unlike pyruvic acid, it can undergo an intramolecular 
esterification reaction, resulting in the formation of a lactone. The 
lactone additionally has a ketone functionality and can exist in 
solution as a mixture of the ketone, geminal diol, and enol forms. 
The lactone enol of parapyruvic acid has been referred to as 
zymonic acid. 
 
Zymonic acid appears to form spontaneously in pure liquid 
pyruvic acid samples or in aqueous solutions, likely through an 
aldol addition reaction.78 This means that even very well-purified 
pyruvic acid will spontaneously convert to zymonic acid over 
time under normal storage conditions. In fact, several grams of 
crude zymonic acid were isolated via distillation from 
approximately 25 mL of pyruvic acid that had been stored at 4 °C 
for several months (see the Experimental Section for details). 
Further purification of zymonic acid was carried out in dry, 
aprotic solvents to preserve the purity and prevent the formation 
 
of hydrates and ultimately resulted in a sticky, oﬀ -white 
powder which will be referred to as “purified zymonic acid”. 
Zymonic acid, both in crude and purified forms, smells 
strongly of caramel and is hygroscopic as well as solvoscopic. 
 
NMR spectra of purified compounds were first taken in 
deuterated dimethyl sulfoxide (DMSO-d6). The proton 
spectrum is shown in Figure 1. 
 
While the singlet peak at 6.25 ppm is strongly indicative of the 
enol form of this molecule and great care has been taken to avoid 
water contamination during purification, further evidence is 
required to rule out the corresponding molecule that has been 
hydrolyzed to create the open chain form. The open form would 
have an additional alcohol group as well as another acid group 
that should be visible in this spectrum. The broadness from peak 
12 is likely due to exchange of the acid proton with water 
contamination in the DMSO, where peak 6, the enol proton, is not 
exchanging as quickly. This makes it unlikely that both peaks 12 
and 6 are associated with carboxylic acids. It could be possible, 
although unlikely, for two carboxylic acid peaks to overlap, and 
perhaps for the alcohol peak to overlap with the peak from water 
contamination. The ratios of the peaks H12:H6:H9:H7 are 
1.17:1.06:1.00:2.92, which are in much better agreement for the 
closed form than the open one, however. 13C NMR spectra were 
taken for both the sample in DMSO-d6 as well as the solid. Both 
spectra agree well with the structure of the closed enol form 
(Supporting Information, Figure 12). 
 
NMR spectra were also taken in 10% deuterated water solutions 
and are shown in Figure 2. Assignments were made through the 
use of a combination of NMR spectroscopies (COSY, HMBC, and 
HSQC; see Supporting Information, Figures 1−11). To a lesser 
extent, trends in chemical shift were used to dif-ferentiate between 
very similar molecules. For example, diﬀ er-entiating between the 
set of peaks assigned to the ketone and diol molecules was done 
by referencing the region in the carbon spectrum where geminal 
diols are generally found. Five diﬀ erent 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 1NMR spectrum (400 MHz) of purified zymonic acid in DMSO-d6 (bottom) with expanded spectral regions (top). Peaks 
numbered in red correlate with H atoms in the zymonic acid structure shown. * indicates ethyl acetate impurity, and # indicates 
undeuterated DMSO. In box B, the broad peak at 3.35 ppm is water impurity due to the DMSO-d6. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 1H (top) and 13C (bottom) NMR spectra (500 MHz) of zymonic acid in 10% deuterated water using WET water suppression with 
their corresponding structures. Peaks are labeled with the color and number corresponding to a carbon or group of equivalent hydrogens in 
the corresponding structures. The carbon NMR spectrum has been zoomed in at regions with overlapping peaks. Assignments of ZCK 
carbon 3 and ZOK carbon 12 are tentative, as they are expected to be very broad but somewhere in the region depicted. 
 
 
species zymonic species are detected in equilibrium with each 
other in water and will be referred to as zymonic closed enol 
(ZCE), zymonic closed ketone (ZCK), zymonic open ketone 
 
(ZOK, also known as parapyruvic acid), zymonic closed diol 
(ZCD), and zymonic open diol (ZOD). The nomenclature closed 
and open here refers to the cyclic and acyclic forms, respectively. 
 
 
  
 
 
One compound that is expected from this chemistry but not 
assigned in Figure 2 is the aldol condensation product of 
pyruvic acid. This product would be ZOK (parapyruvic acid) 
with, using the atom labels found in Figure 2, OH 6 and H 13 
or 14 removed via dehydration with a double bond appearing 
between carbons 2 and 8. The peaks at approximately 146 and 
134 ppm in the carbon spectrum may be due to this aldol 
condensation product, but due to their relatively low 
abundance and lack of correlation in the 2D NMR spectra, a 
concrete assignment is not possible here. 
 
There are several broad features in the spectra in Figure 2 
which are associated with the two ketone forms of zymonic acid, 
ZOK and ZCK. These arise due to an exchange between the 
closed and open ring ketone forms, which appears to be in the 
intermediate exchange regime where chemical exchange occurs 
on the NMR time scale. Broader peaks are associated with atoms 
that are closest to the oxygens involved in ring formation. Peak 
width due to chemical exchange falls into several regimes based 
on the ratio of the exchange rate to the diﬀ erence in reso-nance 
frequency of the exchanging species. When the exchange is very 
slow relative to the frequency diﬀ erence, very little bro-adening 
occurs. As the exchange rate increases, the peaks asso-ciated with 
the exchanging species become increasingly broad and averaged 
until the coalescence point is reached, and faster exchange results 
in sharper peaks. The coalescence point occurs when the exchange 
rate kc = π υ/√2, where υ is the frequency diﬀ erence between the 
exchanging species. The observation that the peaks are broader 
where the largest chemical changes are occurring suggests that all 
the observed peaks are at or above the coalescence point. This was 
investigated further as a function of temperature and pH (Figure 
3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Comparison of CH2 ketone proton NMR peaks as a 
function of temperature at unadjusted pH of 2.1 (left) and as a 
function of pH at 23 °C (right). The temperature dependent NMR 
spectra (left) were taken on an 800 MHz instrument, while the pH 
dependent spectra (right) were taken on a 500 MHz instrument. 
 
 
The peaks in Figure 3 become sharper as temperature increases, 
clearly indicating that the CH2 peak for ZOK/ZCK species are 
above coalescence or close to the coalescence temperature at 5 °C. 
This also results in broader peaks at 25 °C in the 800 MHz spectra 
compared to those in the 500 MHz spectra. The fact that the peaks 
become sharper with increasing pH indicates that the rate of 
exchange is increasing as a function of pH. This also indicates that 
the sharp peaks attributed to parapyruvic acid (ZOK here) in 
previous works are in fact due to two species in fast exchange, 
ZOK and ZCK. We approximate that this exchange rate is on the 
subsecond time scale in all cases as a very conservative estimate. 
Unfortunately, it is diﬃcult to quantify the exchange rate without 
knowing the frequency diﬀ erence between the exchanging 
species. This is generally measured in the slow exchange limit but 
is inaccessible for this 
 
system in water as it would require temperatures below the 
freezing point or the addition of large quantities of strong acid, 
which become problematic both due to reactivity and for the 
measurement of comparable spectra. While problematic, it is 
also extremely interesting that relatively fast exchange 
between ZOK and ZCK occurs across all pH and temperature 
conditions for liquid water at ambient pressure. 
 
With these forms of zymonic acid identified, infrared spectra 
were taken of the zymonic acid ZCE form both as the crude 
product and the purified powder (Figure 4). The crude product 
includes a significant amount of pyruvic acid, which may be 
acting as a solvent. The initial spectrum obtained, therefore, has a 
large pyruvic acid absorption. The pyruvic acid absorption is 
subtracted using the known spectrum for pyruvic acid.81 Because 
the quantity of pyruvic acid was not well characterized in the 
crude product (and changes over time), subtraction was carried 
out to eliminate the peak at 1350 cm−1 that is due to pyruvic acid 
and in a reasonably clear region of the zymonic acid spectrum. 
This procedure is supported by the fact that the second spectrum, 
taken of purified powder in a KBr pellet, does not exhibit the peak 
at 1350 cm−1. The IR spectra are very similar between the 
subtracted crude product and the purified product, further 
suggesting that the crude product exists in the ZCE structure. The 
peak at 1660 cm−1 is likely the C C enol stretch, lending 
additional support to this assignment. 
 
Aqueous Interconversions. With the structures well 
identified, the interconversions between the diﬀ erent forms in 
aqueous solution were investigated. Because the solid form is 
almost entirely the closed enol initially, conversion to the other 
forms can be monitored using NMR after mixing with 90% water 
and 10% D2O (Figure 5). Immediately following mixing, there is 
a decrease in the enol form and a corresponding increase in the 
closed diol form. Quasi-equilibrium appears to be reached around 
25 min after mixing with about 62% closed diol and 35% enol 
with less than 5% total other forms. At longer times, the enol and 
closed diol forms decrease concurrently as the ketone and open 
diol forms grow in. The short time data suggest that a 
transformation from the enol directly to the closed diol form is 
occurring, which would correlate with the regioselective addition 
of water across the enol double bond. This is further evidenced by 
quickly decreasing UV absorption as a function of time imme-
diately following mixing (Supporting Information, Figure 13). 
Additional information can be gained by monitoring mixing 
with 100% D2O because the carbons alpha to a ketone group can 
exchange upon reaction from a ketone to an enol. The methyl 
hydrogens, however, do not exchange. This allows simultaneous 
observation of the change in relative abundance of zymonic 
species and the deuteration of each species (Figure 6). 
 
The same trend is observed with much slower rates of trans-
formation. The slowing of rates is at least partially due to a kinetic 
isotope eﬀ ect, as most of the transformations between zymonic 
species involve hydrogen or deuterium movement. The equilib-
rium ratios between species are shifted slightly in D2O as well, 
which is not unexpected given the drastic changes to the kinetics. 
The deuteration percentages calculated for low time points are 
clearly erroneous for species that have very low abundance: the 
ketone and the open diol. Because the deuteration kinetics will 
depend on both forward and backward reaction rates, fitting this 
data should allow for their extraction. First, a full kinetic fit was 
performed using a relatively simple model allowing for exchange 
between most species, shown in Scheme 1. 
 
Using this kinetic scheme to fit only the water data works well, 
but there is not enough information to successfully fit both 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Infrared spectra of (A) crude zymonic acid spread on a NaCl window (red), pyruvic acid82 (black), and zymonic acid with the 
pyruvic acid contamination subtracted. (B) Comparison of zymonic closed enol (ZCE) spectra taken in panel A and a spectrum of purified 
zymonic acid in a KBr pellet. The gray region highlights the area where the pyruvic acid peak is subtracted away. 
 
 
forward and backward rate constants with a high degree of 
certainty. When considering the deuteration experiment, how-
ever, there are a few observations that necessitate modification of 
this simple scheme. The peaks from the ZCD methylene protons 
(labeled as 9 and 10 in light blue in Figure 2) exhibit a geminal 
splitting due to the chiral center on the adjacent quaternary carbon 
(labeled as 4 in light blue in Figure 2). These peaks are associated 
with two diﬀ erent isomers, one with the acid group syn to the 
hydrogen and one anti (10 and 9 in light blue in Figure 2). While 
it is tempting to assign the downfield peaks as the syn-
conformation, this simple analysis is often misleading. When one 
of the methylene hydrogens is replaced with a deuterium, the 
geminal coupling becomes much weaker, resulting in a single 
resolvable peak associated with the syn- or anti- conformations of 
ZCD. For the D2O mixing experiment, the only methylene peaks 
that are observed for the ZCD and ZOD appear as singlets, 
indicating a minimum of 50% deuteration for these species 
 
(see Supporting Information, Figure 14). This is expected, given 
the initial ZCE form requires the addition of a water molecule in 
order to transition into any of the other forms. The more 
interesting observation, however, is that the syn- and anti-ZCD 
peaks do not grow at the same rate. Although the peaks have not 
been assigned to one conformer or the other, there is certainly a 
stereoselective mechanism at work. This may be due to intra-
molecular acid catalysis, which has previously been described for 
diﬀ erent molecular systems.83−85 
 
The D2O mixing data can be fit simultaneously with the 
water mixing data to Scheme 2. 
 
It should be noted that the rate constants in Scheme 2 labeled 
k1−k7 all involve the movement of deuterium instead of hydro-
gen. Because of this, these rate constants are not expected to be 
the same as the corresponding rate constants in water, which 
involves movement of hydrogens. k−2H is the exception to this 
because it involves the loss of a hydrogen to the solvent and 
 
 
  
Scheme 1. Schematic of the Simple Kinetic Model for the 
Observed Conversion of Zymonic Acid Structures in 
Aqueous Solutiona 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Changes in zymonic acid structures after mixing with 
90% water and 10% D2O measured in situ with NMR. 
 
 
should be identical to the k−2 in Scheme 2. The fits agree 
very well with the experimental data. Fits and rate 
constants are shown in Figure 7. 
 
While many of these reaction rates are likely to depend on 
the solution pH and therefore the concentration of zymonic 
acid, there is interesting mechanistic information present from 
this data under one set of conditions. Rather than the 
conventional ketone-enol tautomerism, the enol reacts 
relatively quickly with water to form the geminal diol (as 
ZCD). The reverse reaction from ZCD to ZCE happens readily 
as well. The conventional reaction mechanism for an enol 
under acidic conditions that could lead to the formation of diol 
is shown in Scheme 3. This mechanism takes advantage of 
intramolecular acid catalysis to activate the enol.83−85 
 
At the branch point shown in Scheme 3, to match the 
experimental observation that the diol is formed preferentially 
over the ketone, it is required in this mechanism that the 
nucleo-philic attack by water occurs much more quickly than 
the deprotonation of the ketone. This is something that is very 
diﬃcult to justify, as it requires either an energetic barrier to 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aRate constants for the conversion in water are shown with the 
closest arrow indicating the forward direction. Oxygens/OH 
groups involved in ring formation are highlighted in blue. 
 
 
deprotonation or for water to be an exceptionally strong 
nucleophile in this situation. Neither of these requirements 
seem likely, so the mechanism shown in Scheme 3 is unlikely 
to occur, but why? There does not seem to be an obvious 
reason why the conventional chemistry should be forbidden. 
 
There is a stark contrast between the reaction rates for the ring 
forming/opening reactions of the ketones and diols. The con-
version between the closed and open ketone forms is by far the 
fastest reaction observed with a rate constant in the subsecond 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Change in zymonic acid structure (left) and deuteration (right) after mixing with 100% D2O. 
 
 
  
Scheme 2. Interconversion between Zymonic Acid Forms and Resulting Deuteration for Experiments Mixed with 100% D2Oa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aReaction rate constants are associated with the arrow closest to them being the forward direction. Identically numbered rate constants that 
are diﬀ erentiated by priming (i.e. k1 and k1′) are for reaction rates of diﬀ erent stereoisomers. Rate constant k−2H is the rate constant for 
ZCK to ZCE observed in the water mixing experiment and eﬀ ectively couples the systems together. Steps k6, k6′, k7, and k−2H are all 
expected to be eﬀ ectively irreversible due to the very low abundance of H2O in solution. Arrows in green indicate the dominant pathways. 
 
 
range rather than minutes or hours. The rate constant for the 
opening on the cyclic geminal diol (ZCD to ZOD) directly is at 
least 6 orders of magnitude slower. The formation of the lactone 
ring is expected to proceed via an esterification reaction which 
involves the protonation of the carboxylic carbonyl oxygen 
followed by nucleophilic attack on the carbonyl carbon by a 
hydroxyl group. In contrast to this conventional reaction mecha-
nism, however, this reaction proceeds faster for the zymonic 
ketones under increasingly basic conditions, as evidenced by the 
movement further from coalescence and into the fast exchange 
regime for the CH2 resonances in Figure 3 discussed earlier. This 
is extremely unusual, as it constitutes a base catalyzed 
esterification reaction, which is commonly accepted not to occur. 
While it is unclear what mechanisms explain the interesting 
chemistry that is occurring, they certainly are not the standard, 
expected mechanisms. There is, however, compelling evidence 
that these transitions between ZCE and ZCD as well as ZCK and 
ZOK are occurring, and the latter rate increases with increasing 
pH. ■ CONCLUSIONS 
 
In this work, zymonic acid was isolated, purified, and identified as 
a single component system as a solid or dissolved in DMSO. In 
aqueous solution, however, it is a complex, interconverting, 
multicomponent system. One and two-dimensional NMR mea-
surements were carried out and supplemented by pH, field, and 
temperature dependent NMR studies. These measurements 
 
were used to assign all the major components observed in aqueous 
solution as well as gather kinetic data for their interconversion in 
water and D2O. The fastest interconversion appears to be between 
the cyclic and acyclic ketone forms of zymonic acid (ZCK and 
ZOK) on the subsecond time scale. This rate of interconversion 
increases with increasing pH, which has caused the mixture of 
these two substances to be misidentified as 
 
a single substance in previous literature.49−79 The slower kinetic 
interconversions in water indicate the direct transition from an 
enol to a geminal diol (ZCE to ZCD) without a ketone inter-
mediate. A kinetic fit was performed that reinforces the validity of 
this observation. Two reaction paths were observed that contrast 
established mechanistic literature. To our knowledge, this is the 
first time that either a base catalyzed esterification or a direct enol 
to geminal diol hydration has been observed. We have not 
proposed mechanisms for this unconventional chemistry. 
 
The existence of these compounds may be important to current or 
past biology as contaminants or possibly metabolites. There is 
evidence that in modern biology there are enzymes that catalyze the 
conversion of zymonic acid (likely an open chain form) to pyruvic 
acid.64,65,67,70 This may arise due to structural similarities to native 
substrates, although there have been reports of inhibition of the 
tricarboxylic acid cycle60,61 as well as anti-malarial eﬀ ects of 
zymonic acid.59 Other detections of zymonic acid, usually in the ZOK 
form or the transaminated amino acid derivative, have been made in 
various biological systems.57,58,71,72 It is unclear exactly what role 
zymonic acid plays in these systems, 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Left: Experimental data (markers) and calculated fits (lines) for relative abundance of diﬀ erent zymonic acid forms over time for ∼0.1 
mM 
 
solutions in water and D2O as well as the deuteration of each species over time in D2O. Right: Calculated forward and backward rate 
constants for each reaction shown in Scheme 2 with kw and kd values indicating reaction rates in water and D2O, respectively. The range of 
each value is the 95% confidence interval calculated through bootstrap resampling. Shading in red indicates values that had not converged 
well after 2145 resamples with bound changes greater than 5% with the addition of 100 resample values to the statistical pool. The cell 
shaded in blue is at the upper bound for the fit and may be even larger. 
 
 
but the coexistence between diﬀ erent structural forms in 
aque-ous solutions that we clarify will be vital to 
understanding its behavior. 
 
In atmospheric chemistry, these pyruvic dimers may also play a 
role in aerosol processing or formation, especially given their 
observed extreme hygroscopicity. Aerosol particles have an 
 
 
  
Scheme 3. Conventional Reaction Mechanism Based on Acid Catalyzed Enol Chemistry Resulting in the Formation of ZCD 
from ZCE and the Required Relative Rates of Reaction at the Branch Point to Match Experimental Data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
important impact on human health as well as climate, where they 
impact radiative forcing and act as condensation nuclei. 
Secondary organic aerosol (SOA) is formed in the atmosphere 
through gas or condensed phase reactions that often produce low 
volatility oligomers.9,17,86 −93 Aqueous phases provide eﬀ ective 
and interesting reaction environments for organic oligomer 
formation and contribute to the SOA budget.93−100 The aqueous 
phase reactions that are most studied are oxidation by ozone10 
 
or hydroxyl radicals101−105 as well as photochemical reac-
tions.35,98,106−110 The ability of pyruvic acid to dimerize may 
 
be a particularly relevant dark reaction for SOA formation 
due to the properties of the dimers examined here. ■ EXPERIMENTAL SECTION 
 
Purification. Crude zymonic acid was isolated from ∼25 mL of 
pyruvic acid (Sigma-Aldrich, 98%) that had been stored at 4 °C 
for several months by distillation. Distillation was carried out at 
70 °C and 400 mTorr for several hours until the bulk of the 
pyruvic acid was removed. Upon completion of distillation, 
several grams of a viscous yellow liquid remained that smelled 
strongly of caramel. Upon cooling, this yellow substance became 
extremely viscous and was a sticky, glassy solid at 4 °C. This 
substance was identified as mainly zymonic acid via NMR and 
will be referred to as crude zymonic acid with approximately 
10−20% pyruvic acid remaining and several unidentified 
impurities. Crude zymonic acid (125 mg) was dissolved in 
approximately 1 mL of ethyl acetate (Mallinckrodt, ≥99.5%) and 
then exposed to 0.5 mmHg vacuum for several hours. About 450 
mg of ethyl acetate remained, and the sample became very 
viscous. The ethyl acetate was then extracted with excess hexanes 
(Sigma-Aldrich, ≥99%) facilitated by water bath sonication. 
Hexane supernatant was discarded, and vacuum was applied to 
remove residual solvent. This process was repeated several times 
to obtain an oﬀ -white sticky powder. 
 
NMR. 1H, COSY, HMBC, and HSQC spectra were obtained at 
23 °C using a Varian INOVA-500 NMR spectrometer operating at 
499.60 MHz for 1H observation. To perform NMR 
 
with 1H detection in aqueous solution, WET solvent suppression 
was used to eliminate >99% of the H2O signal.111 In all cases (1D 
 
and 2D), 1H detection experiments were performed using an 
optimized WET water suppression as the initial preparation step 
of the NMR pulse sequence. The two-dimensional gradient-
selected heteronuclear single-bond correlation spectrum using 
matched adiabatic pulse (2D-gHSQCad) experiments were 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
performed with matched adiabatic sweeps for coherence 
trans-fer, corresponding to a central 13C−1H J value of 146 
Hz.112 Gradient-selected heteronuclear multiple bond 
correlation using adiabatic pulse (gHMBCad) experiments 
were optimized for a long-range 13C−1H coupling constant 
of 8.0 Hz. Gradient-selected homonuclear correlation 
spectroscopy (gCOSY) was performed with two 90° pulses 
and variable evolution time between them. 
 
Temperature dependent spectra were acquired using a 
Varian/ Agilent VNMRS/DD2 800 MHz NMR operating at 
798.6 mHz for 1H detection. 
 
Solid-state 13C CPMAS NMR experiments were performed 
using a Varian INOVA-400 NMR spectrometer operating at 
400.16 MHz for 1H observation. The probe used in these 
experiments is a Varian 2-channel 4 mm CPMAS probe modified 
with a new spinning module and coil designed and constructed by 
Revolution NMR, LLC in Fort Collins, CO. This probe utilizes 
Zirconia “pencil” style rotors and is capable of spinning 4 mm 
rotors stably at spinning frequencies up to 18 kHz. 13C CPMAS 
experiments were performed using a 3.3 μs 1H 90° pulse, 
employing ramped cross-polarization with a spin-lock field 
centered at a magnitude 67 kHz. The contact time used was 4.0 
ms, optimized for maximum polarization transfer with mini-mal 
signal loss due to T1ρ relaxation. A delay of 3.0 s was employed 
to allow for 1H relaxation between scans. Broadband TPPM (time-
proportional phase modulation) 1H decoupling was applied during 
signal acquisition, utilizing a CW decoupling power of 75 kHz. 
Magic angle spinning (MAS) was performed at 13.1 kHz. 
 
FTIR. Fourier transform infrared spectroscopy was 
performed using a Bruker Tensor 27 spectrometer for crude 
samples and a Thermo-Nicolet Avatar 360 spectrometer for 
powder samples. Crude samples were prepared by spreading 
crude zymonic acid on NaCl windows and were scanned with 
1 cm−1 resolution averaged over 100 scans. Powder samples 
were mixed with KBr (>99%, Sigma-Aldrich) and pressed into 
transparent discs using a pellet press. These samples were 
scanned with 1 cm−1 resolution and averaged over 64 scans. 
 
UV−vis. Purified zymonic acid was mixed with 18.2 MΩ water 
and immediately scanned using a Varian (Agilent) Cary 5000 
spectrometer with a 0.1 s average time, 1 nm data interval, and a 
0.5 nm spectral bandwidth. Scans were taken periodically and 
tracked by the time elapsed since zymonic dissolution. 
 
Kinetic Fit. NMR kinetic data was first analyzed in Mest-
ReNova v10.0.2−15465 by fitting assigned peaks to generalized 
 
 
  
 
 
Lorentzian line shapes and extracting relative peak areas from the 
fit areas for each time step. The kinetic data were modeled in 
MATLAB R2016a (9.0.0.341360) using a full set of diﬀ erential 
equations for all reaction pathways described. Rate constants were 
simultaneously optimized by minimizing uncertainty-weighted 
deviation of the fit from the experimental data using the built-in 
constrained optimization function fmincon. Error estimates for 
rate constants were generated by randomizing input kinetic data as 
a Gaussian distribution within experimental uncertainty and 
refitting, generating a statistical pool of rate constants. Average 
values are not reported because the statistical pools are, for many 
rate constants, highly non-Gaussian. ■ ASSOCIATED CONTENT 
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 ∥For convenience, in this work we will refer to all the six 
carbon molecules we observe as pyruvic acid dimerization 
products even though they appear to be produced through a 
variety of hydration and isomerization reactions. Included 
in this category are zymonic acid and parapyruvic acid. ■ REFERENCES 
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